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The reduction and the smoothened amplitudes of the chloride concentrations since 2000 have resulted in
a gradual positive development of the aquatic fauna in theRiverWerra. In the salinized section of the river
increasing species numbers have been determined along the salinity gradient, which shows maximum
chloride concentrations of about 2500mg/l, maximumpotash concentrations at approximately 200mg/l,eywords:
alinity
iver Werra
acrobenthos
alt tolerances
hloride
and magnesia concentrations peaked at 320mg/l. As an immediate consequence of the reduction in salt
concentration the immigration of various caddis ﬂy species into the lower RiverWerrawas observed. The
Number of taxa per sample rose from 5 to more than 30 in the lower Werra region. Changes in species-
richness could be seenmore frequently in river sectionswhere chloride concentrations ﬂuctuated around
1500mg/l.otash
agnesia
ntroduction
reface
Since the mid 20th century, the River Werra has been a riverine
cosystem of special signiﬁcance. The use of the river as a wastew-
ter transport medium for the potash industry in Thuringia and
essia changed the former freshwater environment into a large,
rackish watercourse. Between 1950 and 1970 increased salinity
esulted in changes in the river’s fauna and ﬂora. Features of the
nthropogenic salinity were the discontinuous discharge of saline
aste water into the River Werra, and an ionic composition which
till differs from natural marine or brackish waters.
The potash industry waste water has a higher content of potash
nd magnesia. This ionic composition reaches toxic or sublethal
evels that threatens most of the aquatic organisms.
Biological investigations in the RiverWerra are being conducted
n the framework a scientiﬁc programme that was established
n 2004 to document changes in the ecosystem following the
eduction of the salt concentration. This scientiﬁc and monitoring
rogramme was a part of an approval procedure instituted by the
ublic authorities in Hessia and Thuringia to provide the basis for
ecisions on the future discharge of salt-water.
∗ Corresponding author. Tel.: +49 5571 800871; fax: +49 5571 800872.
E-mail address: j.baethe@t-online.de (J. Bäthe).
075-9511/$ – see front matter © 2010 Elsevier GmbH. All rights reserved.
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Development of chloride- and potash-concentrations
The RiverWerra has been heavily polluted by salt efﬂuents from
the potash industry in Hessia and Thuringia, with maximum chlo-
ride concentrations of 27g l−1 in 1992 and of 9 g l−1 in 1997 in
the River Werra downstream of the mining region at Gerstungen
(Fig. 1). In the period from1990 to 1992 a reduction in chloride con-
centration of about 63% was measured in the lower River Werra.
High chloride charges and wide amplitudes in chloride concentra-
tions, which drastically affect the ecosystem and the organisms,
were the main physiological stressors at that time (DVWK 1998).
Since 2000 the salt concentration has been limited to 2500mg/l Cl−
at Gerstungen by improved techniques and runoff-related input of
efﬂuents (Fig. 2). This concentration is actually diluted to a concen-
tration of less than 400mg/l at the city of Bremen situated some
505km downstream.
In accordance with the reduced salt concentrations, the ampli-
tudes of chloride concentrations decreased from 5790 to 413mg/l
in the last three decades (Fig. 3) and particularly since 2002.
The main effects of these changes in salt concentration have
been the regeneration of the communities of aquatic organisms
and the restoration of several ecosystem functions as a result of the
decreasing physiological stress (Albrecht 1954; Bäthe 1996 1997a;
Koop et al. 1995; Koop 1997).However, the River Werra still shows high concentrations of
potash and magnesia within the zone of main salinisation, which
extends about 30km downstream of Gerstungen. From 2004 to
2007 the maximum potash concentrations were 180–218mg/l;
magnesia concentrations peaked at 320mg/l (Fig. 4). The thresh-
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mig. 1. Long term chloride concentrations in the River Werra at the Gerstungen
onitoring site (data from Hessian and Thuringian water resource management
uthorities, FGG-Weser).
ld value of potash concentration for ﬁsh toxicity is stated to be
0mg/l (Halsband 1976).
issolved nutrients
Besides the salt concentration, there is a persistent high quan-
ity of nutrients dissolved in the water of the River Werra (FGG
eser 2004). For example at the Gerstungen monitoring site
itrogen concentrations varied between 1.35 and 20.7mg/l, the
otal phosphorus concentrations were 0.12–0.85mg/l in the time
eriod from2005 to 2007 (Dietrich and Schumann 2006; Thüringer
andesanstalt für Umwelt und Geologie 2007; Bäthe 2009). The
iver Werra exhibits a phytal biomass production that is many
imesgreater than inother rivers of similar size (DVWK1998;Bäthe
009; Coring and Bäthe this volume). The autotrophic biomass
roduction has increasingly affected water quality in the rivers
erra and Weser with so-called secondary pollution. Decreas-
ng the anthropogenic nutrient inﬂux is one selective measure to
void further oxygen deﬁcits within the impounded stretches, in
rder to improve the ecological quality of these rivers (Bäthe and
oring 2002; Herbst 1995). The measured nitrogen concentrations
xceeded 3mg/l at all monitoring sites in the investigation period.
n elevated nitrogen pollution was even determined in the river
ection upstream from the main salinization zone. The measured
hosphorous concentrations of the River Werra section between
ig. 2. Chloride concentrations (daily data in [mg/l]) and discharge (daily average value
onitoring site 1997–2005 (data from Hessian and Thuringian water resource managemFig. 3. Amplitudes (standard deviation) of chloride concentrations in the River
Werra at the Gerstungen monitoring site 1980–2007 (data from Hessian and
Thuringian water resource management authorities, FGG-Weser).
the cities of Breitungen and Hann. Muenden also exceeded values
of 0.15mg/l. Neither the nitrogen nor the phosphorous concentra-
tions limited algal or macrophyte growth in the River Werra at
any time. Efﬂuent discharge maintains a high level of nutrients and
decomposing organic substances,which shape the environment for
the aquatic invertebrate fauna, in the river.
Material and methods
Investigational area and monitoring sites
The investigation area lies in the Central German Uplands near
the geographical centre of Germany. At this location the middle
and lower River Werra ﬂow through the border region between
the German States of Thuringia and Hessia to ultimately become
the Weser at the conﬂuence with the Fulda in Lower Saxonia. Since
2002 an approximately 185km long river section between Breitun-
gen und Hedemünden has been investigated regularly with regard
to seasonal aspects. A continuation of themonitoring untilwell into
2013 is planned.A total of ﬁve permanent monitoring sites were established on
this section of the river and have been investigated since 1993. The
monitoring sites hadbeenpart of thewater quality assessment pro-
grammes of the responsible supervisory authorities of the states of
Thuringia andHessia before. Since 2007 four additionalmonitoring
s from continuous measurement in [m3/s]) in the River Werra at the Gerstungen
ent authorities, FGG-Weser).
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Fig. 4. Potash concentrations in the River Werra at the Gerstungen monitoring site 2004–2007 (data from Hessian and Thuringian water resource management authorities,
FGG-Weser).
Fig. 5. Overview of the position of the monitoring sites in the Werra region.
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ig. 6. Development of taxa numbers at the Breitungen monitoring site (Thuringia)
993–2008.
iteshavebeenestablished toaugment themonitoringprogramme.
ig. 5 provides an overview of the monitoring sites.
ata basis and methods
The quantitative investigations of the macrozoobenthos were
arried out in two or three seasonal investigation periods per
ear. These studies were conducted in accordance with the meth-
ds described by Tittizer and Schleuter (1986). This sampling
echnique, which is performed from the bank, was supported by
ualitative investigations (Bäthe 1992): The qualitative studies
ere carried out asMulti-Habitat-Sampling in accordancewith the
uropean Protocol CEN/TC 230/WG 2/TG 1 N101a (2005). In addi-
ion, the technical speciﬁcations of the German Protocol DIN 38410
1 (2004) were taken into account in the sampling. The macroin-
ertebrates material obtained was identiﬁed to the species level, if
ossible, in the laboratory.
In addition to the ﬁeld investigations, laboratory experiments
ere performed about the effects of the ions dissolved in Werra
ater. Ecotoxicological test series were used to provide insights on
he subacute and chronic actions of the saline water on the aquatic
nvertebrates (see publication in the following issue).
esults and discussion of biological investigationsevelopment of the aquatic invertebrates
As a result of the rising salt concentrations, the extinction
f autochthonous amphipoda species and most of the species of
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Fig. 8. Development of taxa numbers at the Vacha monitoring site (Thuringia)
2002–2008.
Plecoptera, Ephemeroptera, Mollusca, and Bivalvia was recorded
during the 1950s. In order to provide suitable prey for the remain-
ingﬁsh,Gammarus tigrinuswasdeliberately introduced to theRiver
Werra as a halotolerant invasive species (Schmitz 1960). Concur-
rently Gammarus tigrinus immigrated from the Weser estuary into
the middle Weser and began spreading upstream (Bulnheim and
Scholl 1980; Bulnheim 1984). The aquatic biocenosis of the rivers
Werra andWeser thus adapted to brackishwater conditions (Bäthe
1992, 1995, 1996, 2009).
Change in species numbers
As a result of high salt concentrations, a decrease in species
richness was observed in the salinized section of the River Werra,
but the benthic biocoenosis also shows a higher diversity in areas
having heterogeneous structure and habitats (Bäthe 1992; Eggers
2006). The number of taxa determined at the speciﬁc monitoring
sites has been increasing, especially since 2002. The freshwater
monitoring site at Breitungen (Thuringia) showed an increased
number of taxa between 1993 and 1996 (Fig. 6), whichwas a period
of decrease in saprobiological pollution. In 2008 at least 62 taxa
were identiﬁed. At this location the mayﬂy and stoneﬂy larvae
of Baetis rhodani, Baetis vardarensis, Heptagenia sulphurea, Ser-
ratella ignita and Torleya major as well as Isoperla grammatica were
observed in higher densities throughout the entire period. Since
1995 approximately 30 taxa were recorded from each individual
sample (Fig. 7). This observation indicates that the macroinverte-
brate communities have stable population structures.
In the study area near Vacha a recovery of the species numbers
has been observed (Fig. 8). However, in 2004 and 2005 the levels
 (Breitungen/Werra)
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ig. 9. Development of taxa numbers at the monitoring site Gerstungen (Thuringia)
993–2008.
ere lower. Possible causes are to be found in the variable salt con-
entrations and reduced waste water discharges subsequent to the
ew construction of a waste water treatment plant. The chloride
oncentrations of this river section were 680–1200mg/l in 2004,
p to 1518mg/l in 2005, and up to 1117mg/l in 2006. In 2007 and
008 a maximum of 1062mg/l was measured.
Among the species with low salt tolerance (Bäthe 1992, 1996,
997a,b, 1998) which settled in this area were the caddis ﬂies
heumatopsyche lepida, Cyrnus trimaculatus, Hydropsyche contuber-
alis, Hydropsyche pellucidula, Hydroptila spp., Lasiocephala basalis,
olycentropus ﬂavomaculatus and Psychomyia pusilla. The presence
f the dragonﬂy species Calopteryx splendens, which has resided in
his section of the RiverWerra since 2004, is noteworthy because of
ts absence for the previous four decades. In viewof the existing salt
oad, the macroinvertebrate coenosis of the River Werra section at
acha represents an ecotone. A slight increase in the salt concentra-
ionwould result in an immediate faunistic impoverishment (Bäthe
008; DVWK 1998).
Such depletion could be observed in the salinized section of
he River Werra between the conjunction with the Ulster and the
erstungen region (Fig. 9). The predominant species there were
he halotolerant taxa Gammarus tigrinus, Oligochaeta and vari-
us Chironomidae. Among the few salt-tolerant spring residents
t Gerstungen were Elmis maugetii, Hydropsyche angustipen-
is, Hydropsyche pellucidula, Hydropsyche siltalai, Hydroptila spp.
nd Psychomyia pusilla; the population densities reached up to
2 ind/m2. Among the turbellarians of the study area were Polycelis
enuisaswell as themilkywhite turbellarianDendrocoelum lacteum.
The number of veriﬁed taxa shows that the Gerstungen area is
faunistically impoverished river section. Until 1999 merely 4–9
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Fig. 10. Number of taxa per sample at the GerstunFig. 11. Development of taxa numbers at the Letzter Heller monitoring site (Hessia)
1993–2008.
taxa with; in part; large individual densities in the course of the
year could be found here. Immediately after the commissioning of
the salt concentration control system and the accompanying uni-
formization of the salt concentrations, the species numbers in the
River Werra at Gerstungen could be seen to double. In the years
2007 and 2008 17 taxa had already been veriﬁed (Fig. 9). How-
ever, the macroinvertebrate community is instable as can be seen
in the number of the respectively identiﬁed taxa of an investigation
(Fig. 10).
In addition to the ﬁrmly established mud shrimp Corophium
lacustre and the amphipodGammarus tigrinus, the following species
are part of the macroinvertebrate community of the lower River
Werra in the impounded section of the Letzten Hellers: Asellus
aquaticus, Proasellus coxalis, Dendrocoelum lacteum, Dugesia gono-
cephala, Dugesia lugubris, Oulimnius tuberculatus, Potamopyrgus
antipodarum as well as various Oligochaeta and Chironomidae. In
2005 the caddis ﬂy genus Tinodes was veriﬁed for the ﬁrst time in
the Letzter Heller area. Since 2007 the following, additional cad-
dis ﬂy species are present: Cheumatopsyche lepida, Hydropsyche
angustipennis and Hydropsyche contubernalis.
The effect of the salinity load control system is also apparent
in the lower River Werra. In the Letzter Heller region the species
number rose from 5 (until 1999) up to 35 (2008) (Fig. 11). This
positive development in themorphologically degraded impounded
section of the river is exceeded in the structure-rich section at
Blickershausen, which lies immediately above the former.
TheBlickershausen studyarea is locatedabove the LetzterHeller
storage level regulation area in the section which is still free-
ﬂowing. Due to the higher morphological diversity of the habitats
le (Werra/Gerstungen)
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Number of taxa per sample (Werra/Letzter Heller)
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Fig. 12. Number of taxa per sample at the L
here and the higher ﬂow velocity, 43 species were identiﬁed in
his study area in 2007. In light of the spatial proximity to the
etzter Heller monitoring site, water quality can be ruled out as
population-determining factor.
Among the species found there are the following: the caddis
ies Agraylea spp., Cheumatopsyche lepida, Hydropsyche angustipen-
is,Hydropsyche exocellata,Hydropsyche contubernalis,Hydropsyche
ellucidula, Psychomyia pusilla and Rhyacophila dorsalis; the long-
oedwaterbeetlesElmismaugetiiandOulimnius tuberculatusaswell
s the turbellarianDugesia gonocephala, which is a typical represen-
ative of taxa present in upland brooks and small streams. In total,
he species spectrum of the lower River Werra has increased since
004.
This ﬁnding is supported by the species numbers determined
n every individual sample (Fig. 12). Until the year 2000 individual
amples generally contained less than 5 taxa. In the following years
his number initially increased to 15 and then rose further until it
eached 22 taxa in the spring of 2008.omposition of the macroinvertebrate communities
The faunistic changes along the course of the river are illustrated
y the variability in the taxonomic groups present. Thus, the salt-
Fig. 13. Proportions of taxonomic groups of the benthic b07
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pollution-free monitoring sites Breitungen and Unterrohn were
characterized by a change of the seasonal aspect of the biocoenosis,
which primarily affected the Diptera, Trichoptera, Oligochaeta und
Coleoptera.
This change in the seasonal aspect in the salt-polluted river
sections is primarily evident in the pronounced increase in the
Amphipoda cohort representing the winter population. The salt
pollution affects the composition of the invertebrate fauna, above
all in the Gerstungen area. Further downstream the diversity of
large systematic groups increased again due to dilution effects.
Despite comparable species numbers, a structural change in the
invertebrate fauna is apparent along the courseof the riverbetween
Breitungen and Vacha. It is manifested, e.g., in the absence of
Ephemeroptera (mayﬂies) and other sensitive forms (Fig. 13).
In particular in the region of maximum salt concentration
between Gerstungen and Spichra the composition of the aquatic
invertebrate fauna proved to be impoverished and dominated
by Gammarus tigrinus. Sections of the further river course with
more structure provide an increasing number of habitats appro-
priate for different groups of organisms (Arbeitsgemeinschaft zur
ReinhaltungderWeser1996, 1998;Bäthe2008). In interactionwith
the progressive dilution of the salt concentration, the River Werra
biocoenosis experiences an increasing diversity of organisms. The
iocoenosis of the examined river sections in 2008.
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nterpretation of taxa-numbers and the corresponding electrical
onductivity of each sample indicate a strict dependence of species
ichness on salinity (Fig. 14).
Above all in the Breitungen region, the trophic structure of
he invertebrate community exhibits only small changes in the
ourse of the year (Fig. 15). The high fractions of ﬁlter-feeding
pecies there is conspicuous, which allows conclusions of a corre-
pondingly large occurrence of bacteria, algae und organic detritus
Herbst 1996; Schönborn 2003). In the further course of the river
he proportions of shredders and sediment feeders increases. The
resence of ﬁlter-feeders and predators is primarily concentrated
n the more structured river sections, such as those found at
uchenau, Kleinvach and Unterrieden. In view of the extensive
hytoplankton development in the middle and lower River Werra,
he ﬁlter-feeders which are absent or only present in low popula-
ion densities in the less structured regions of the river represent a
ecisive gap in the food web. This missing function of the benthic
iocoenosis results in deﬁcient incorporation and transformation
f available biomass. Parts of the material cycle carry the primary
Fig. 15. Feeding types of the macroinvertebrates alWerra at the macrobenthos sampling sites (1993–2009).
productiondirectly tobacterial degradationwitha correspondingly
elevated oxygen demand. This “short circuit” stresses the aquatic
system, which not only affects the lower River Werra, but also the
River Weser, which lies directly downstream, to an even greater
extent. Findings on different groups of aquatic organisms, their
functions and speciﬁc development within the aquatic food web
of the rivers Werra and Weser are given by Bäthe (1993), Dirksen
(1995), Nolting (1996), Rohlﬁng and Mannesmann (1996), Rustige
and Mannesmann (1996), Rustige et al. (1997) and Herbst (2000).
Results and discussion
Conclusion on the development of the macrozoobenthosFrom a limnofaunistic point of view, the River Werra is divided
into different sections: These sections result from the different
environmental conditions, which are due to the rising and sinking
salinity gradients.
ong the investigated Werra sections in 2008.
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As a result of diffuse water inﬂuxes, direct salt discharges and
ilution from tributaries, the River Werra’s salt load is unevenly
istributed. In the Unterrohn region low salinities from the use of
atural salt deposits can be detected. A further increase in the salin-
ty gradient is due to the diffuse inﬂuxes of saltwater on the bottom
f the River Werra at Tiefenort. The highest salt concentration of
he river is reached at Gerstungen after all the industrial salt waste
ater has been discharged into the river. This zone of maximum
alinity stretches for approximately 30 river kilometres up to the
unction with the Hörsel, whose water effects a dilution and thus
decreasing salt gradient. In the further course of the river the
alt concentration is diluted down to a chloride concentration of
000–1500mg/l in the area of the “Letzter Heller’s” barrage dam
ith lock, before the River Werra and the River Fulda join to form
he River Weser.
The biologically effective salinity inﬂuences the species compo-
ition of the invertebrate fauna in the course of the RiverWerra and
epresents one of the crucial control parameters in the functional
etwork of the river ecosystem. Comparable studies from Australia
Halse et al. 2003) and France (Piscart et al. 2005a,b) underpin this
ssue for different rivers. The signiﬁcant difference between the
alinity of the River Werra and other examined salinized rivers is
he ionic composition with enhanced concentrations of potassium
nd magnesia (see publication in the following issue). This distinc-
ive feature of saline waste water charge is found very rarely in
ther comparable studies.
Since 2002 the reduction and the uniformization of the salt con-
entrations have allowed a gradual positive development of the
acroinvertebrates in the River Werra system. Other stressors,
hich act on the river ecosystem in addition to the salt con-
entration; are nutrient pollution, waste water and multifarious
tructural degradations (Dietrich and Schumann 2006; Thüringer
andesanstalt für Umwelt und Geologie 2007; Bäthe 2009).
Among the above-mentioned stressors, the salt concentration is
he only factor which has distinctly changed in a positive sense in
he past decade. With regard to waste water pollution the respon-
ible authorities announced the initiation of comparable steps in
he next 10 years.
The immediate consequences of the reduction in salt concentra-
ion are the immigration of various caddis ﬂy species into the lower
iver Werra since 2004. The current state is the presence of 8 dif-
erent Trichoptera species and further taxa with low salt tolerance
long a section frommore than 60km length. In addition to various
addis ﬂies, larval stages of Calopteryx splendens were found in the
ain salanized zone in the River Werra. Since 2007 an increasing
umberof Ephemeroptera, Trichoptera andColeopteraof thegenus
lmis have become increasingly evident in river sections with ele-
ated salt concentration. Overall, the faunistic development of the
alt-loaded Werra sections exhibit numerous consistencies with
he developments in the upper Weser between 1994 and 2001
Bäthe 2008; DVWK 1998).
ummary
The salt concentration of the RiverWerrawas distinctly reduced
t the beginning of the 1990s and in the year 2000. Starting from
he strongly oscillating salinities with peak values of 28,000mg/l
hloride, the salt concentration has been strongly uniformized and
imited to maximum values of 2500mg/l since the year 2000. With
he reduction of the salt concentration a gradual recolonisation
f the rivers Werra and Weser began. The extensive elimination
f the concentration ﬂuctuations and the resulting minimization
f the physiological stress of aquatic organisms were of deci-
ive importance. Since that time, increasing species numbers in
he macroinvertebrate communities have been evident along theca 41 (2011) 125–133
decreasing salinitygradients in theRiverWerra.Among theanimals
resettling the River Werra are, for example, Trichoptera of the gen-
era Cheumatopsyche, Hydropsyche, Psychomyia und Rhycophila as
well as beetles of the genera Elmis and Oulimnius. Besides the salt
concentration, additional active stressors are the nutritional and
waste water pollution as well as diverse structural degradations of
the river course.
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